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bstract
Improving PV system structure and maximizing the output power of a PV system has drawn many researchers attention nowadays.
 proposed multi-input single-output PV system is proposed in this paper. The system consists of multiple PV modules; each module
eeds a DC–DC converter. The outputs of the converters are tied together to form a DC voltage source. In order to minimize the
utput ripples of the converters, the control signal of each converter is time shifted from each other by a certain time interval
epending on the number of converters used in the topology. In this study a battery is used as the main load, the load current used
s the control variable. A fuzzy logic controller designed to modulate the operating point of the system to get the maximum power.
he results show that the proposed system has very good response for various operating conditions of the PV system. In addition
he output filter is minimized with excellent quality of the DC output voltage.
 2016 Electronics Research Institute (ERI). Production and hosting by Elsevier B.V. This is an open access article under the CC
Y-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1.  Introduction
With the ever increasing energy demand all over the world, studies indicate that the global energy demand will
almost triple by year 2050 (Robert, 1997). More ever, renewable energy can play a significant role on the reduction of
environmental problems and delay of fossil fuel depletion (Renewable Energy Policy Network for the 21st Century,
2012). consequently the need of using green energy sources gains more importance .Nowadays researchers are focusing
on renewable energy sources, such as solar, wind, biomass and tidal energies, as a clean alternative of conventional
energy sources. However, PV power generation has significant advantages such as no rotating parts, hence low main-
tenance cost (Mitchell et al., 2005; Wang et al., 2004). In addition, The PV system installation cost has been declining
due to mass production techniques.
However, a major drawback of the PV system is its ineffectiveness during the nights or low illumination periods or
during partially shaded conditions and low conversion efficiency. So, most of PV’s researches conducted to improve the
conversion chain and PV connected configuration. The following section discusses the evolution of the PV connected
system structures. The past technology, illustrated in Fig. 1 based on centralized inverters that interfaced a large number
of PV modules to the grid (Kjaer et al., 2005). The PV modules were divided into series connections (called a string)
in order to reach high power levels. These series connections were then connected in parallel, through string diodes.
These centralized inverters suffer many limitations, such as:
• High-voltage DC cables between the PV modules and the inverter,
• Limited efficiency due to difficulties in tracking global maximum power point,
• Losses in the string diodes, and
• Difficulty in expansion.
Due to the defects of centralization technology, the PV string structure, shown in Fig. 2 is a reduced version of the
centralized inverter, where a single string of PV modules are connected to the inverter. The input voltage may be high
enough to avoid voltage amplification. There are no losses associated with string diodes and separate MPPTs can be
applied to each string. This increases the overall efficiency compared to the centralized inverter. This configuration
emerged on the PV market in 1995 with the purpose of improving the drawbacks of central inverters (Muresan, 2012).If the voltage level before the inverter is too low, a DC–DC converter can be used to boost it. The multi-string
structure depicted in Fig. 3 is the further development of the string inverter, where several strings are interfaced with
their own DC–DC converter to a common DC–AC inverter, (Wang et al., 2004). This is beneficial, compared with the
Fig. 1. PV centralized structure.
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Fig. 2. PV string structure.
Fig. 3. PV multi string structure.
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entralized system, since every string can be controlled individually. Thus, further expansion can be easily achieved
ince a new string with DC–DC converter can be plugged into the existing platform. A flexible design with high
fficiency is hereby achieved (Meinhardt and Cramer, 2000). But still research around PV system design structures
s going on (Walker et al., 2004; Bangyin et al., 2008; Calais and Agelidis, 1998; Giri et al., 2003; Tolbert and Peng,
000; Walker, 2001; Baekhoej et al., 2005).
In this study an individual MPPT for each separate panel is performed instead of trying to extract maximum power
ver a whole string panel (see Fig. 4). This overcomes the problem of partial shadowing. The output of each PV module
s connected to the input of a boost DC–DC converter. The combination of each PV module connected with the boost
C–DC converter is referred to as “phase”. The carrier waveform of the control signal of each converter is time shifted
rom each other by a predefined time interval. The value of this time interval depends on the number of phases in the
V system understudy. Comparing the results of the proposed system and conventional system, it is found that, the
roposed system employs smaller filter size which meets the stringent condition imposed on the output current and
oltage ripples in both grid connected and standalone PV systems applications.
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2.  System  description
2.1.  Analysis  and  modeling  of  PV  module
When a PV cell is exposed to sunlight, a certain percentage of the incoming photons are absorbed in the junction
region freeing electrons in the silicon crystal (Tsai et al., 2008; Villalva et al., 2009). The equivalent circuit model of
PV solar cell which used in this study is the appropriate model shown in Fig. 5 (Tsai et al., 2008).
The voltage-current characteristic equation of a solar cell is given as
I  =  IPH −  Is
[
exp
q (V +  IRS)
KT CA
−  1
]
(1)
Where I  is the output module current; IPH is a light-generated current or photocurrent; IS is the cell saturation of dark
current; q  is an electron charge (=1.6 ×  10−19 C); K  is a Boltzmann’s constant, (= 1.38 ×  10 −23 J/K); TC is the cell’s
working temperature; A  is an ideal factor; RS is a series Resistance.
Eq. (2) for the PV module
I  =  NPIPH −  NPIs
⎡
⎣expq
(
V
NS
+ IRS
NP
)
KT CA
−  1
⎤
⎦ (2)
Where NP is the number of parallel cells; NS is the number of series cells.
IPH =  [ISC +  KI(T C −  T Ref )]G  (3)
Where ISC is the cell’s short-circuit current at a 25 ◦C and 1 kW/m2; KI is the cell’s short-circuit current temperature
coefficient; TRef is the cell’s reference temperature; G  is the solar insolation in kW/m2.
IS =  IRS
(
TC
TRef
)3
exp
⎡
⎣qEG
(
1
TRef
− 1
TC
)
KA
⎤
⎦ (4)
Where IRS is the cell’s reverse saturation current at a reference temperature and a solar radiation; EG is the bang-gap
energy of the semiconductor used in the cell.From Eqs. (2)–(4), a PV mathematical model is built using Matlab/Simulink. The parameters of the PV panel used
in the system (Solarex MSX 60) is provided in the Appendix A. The nonlinear I–V and P-V output characteristics of
PV module are illustrated for different values of irradiation and temperature are shown in Figs. 3 and 4.
Fig. 6 shows the effect of temperature variation on the (I–V) characteristics of the PV module. The figure show that
the PV module voltage decreases with increasing the temperature.
Fig. 7 shows the effect of insolation variation on the (I–V) characteristics of the PV module. The figure show that
the PV module current increases with increasing the insolation.
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Fig. 6. (I–V) Output characteristics with different temperature.
Fig. 7. (I–V) Output characteristics with different G.
2
s
i
c
l
F
2
s
w.2.  Maximum  power  point  tracking  method
The maximum power point (MPP) occurs at the knee of the PV’s I–V curve, this point changes with temperature and
olar radiation as indicated in Figs. 6 and 7. The objective of the maximum power point tracking (MPPT) techniques
s to locate the operating point of the PV system as close as possible to its MPP (Petrone et al., 2008). An extensive
omparative study of different MPPT techniques is discussed in (Esram and Chapman, 2007). It was shown that at
east 19 distinct methods have been reported in the on various methods of MPPT.
In this study a battery is used as the main load. The load current can be used as the control variable as shown in
ig. 8.
A fuzzy logic controller designed to modulate the operating point of the system to get the maximum power.
.3.  Fuzzy  logic  based  controller
Fuzzy logic provides the solution for controlling nonlinear processes and it can handle ambiguous and uncertain
ituations. Fuzzy control is derived from fuzzy set theory (Raviraj and Sen, 1997). The inputs to the fuzzy logic system
ill be error (e) and Change in Error (ce). The output will be the Change in Duty Cycle (dD) at sampling instant k
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Fig. 8. Block diagram of MPPT proposed method for 1-phase.
Table 1
Fuzzy rule base.
e ce
N Z P
N inc dec nc
Z nc nc dec
P inc dec nc(Kjaer et al., 2005). The fuzzy logic consists of the following stages: fuzzification, rule base, inference system and
defuzzification. The Eqs. (5) and (6) provides the error and change in error
e (k) = I (k) − I (k −  1) (5)
ce (k) = e (k) − e (k −  1) (6)
I(k) is the output current at instant (k); I(k  −  1) is the output current at instant (k  −  1); e(k) and ce(k) is the error and
change of error to indicate if the output current increased or decreased.
Fuzzy logic control is developed using the fuzzy toolbox of Simulink in Matlab software. The fuzzy variables ‘e’,
‘ce’ is taken as input to the fuzzy controller and ‘dD’ acts as output of fuzzy controller. The fuzzy variables ‘e’, ‘ce’
and ‘dD’ are described by triangular membership functions. For simplicity three triangular membership functions
are chosen. Fuzzy inference is the process of formulating the mapping from a given input to an output .The fuzzy
logic rules are 9 rules as in Table 1. The fuzzy rule base created in the present work based on intuitive reasoning and
experience. Fuzzy memberships N, Z, P, inc, dec, nc are defined as negative, zero, positive, increase, decrease and no
change respectively.
2.4.  DC/DC  boost  converter  design
The DC/DC boost converter has two modes Continuous Conduction Mode (CCM) for efficient power conversion
and Discontinuous Conduction Mode (DCM) for low power or stand-by operation, here we design the boost converter
to operate in CCM, each component values of boost converter per stage are determined to meet the design specifications
such as:
1. Input Voltage Range: VIN (min) and VIN (max).
2. Nominal Output Voltage: VOUT.
3. Switching frequency.
4. And the ripple voltage.
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Fig. 9. Block diagram of the proposed system.
Fig. 10. Shifted carrier waveform for 3-phase system.
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Fig. 11. Maximum power point corresponding to insolation change and at T = 25 ◦C. (a) Insolation pattern for PV panel 1. (b) Insolation pattern for
PV panel 2.
Fig. 12. Insolation pattern for the proposed two-phase PV system.The first step to calculate the duty cycle, D, for the minimum input voltage. The minimum input voltage is used
because this leads to the maximum switch current.
D  =  1 − Vin(min) ×  η
Vout
(7)Where Vin(min) is the minimum input voltage; VOUT is desired output voltage, and; η  is the efficiency of the converter,
estimated 80%.
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Table 2
MPP read from Fig. 11.
Insolation (G) Corresponding MPP at T = 25 ◦C
G = 1 kW/m2 62.31 W
G = 0.8 kW/m2 49.25 W
G = 0.6 kW/m2 36.31 W
G = 0.4 kW/m2 23.37 W
Fig. 13. Response of the proposed system using fuzzy logic MPPT controller due to insolation pattern indicated in Fig. 12.
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tThe efficiency is added to the duty cycle calculation, because the converter has to deliver also the energy dissipated.
his calculation gives a more realistic duty cycle than just the equation without the efficiency factor (Hauke, 2014).
The value of inductor in CCM is calculated from equation
L ≥ RD(1−D)22FS (8)Where L  is inductance value; R  is load resistance; FS is the switching frequency; D  is the duty
ycle.
C  ≥ Vo ×  D
FS ×  vo ×  R (9)
here C  is inductance value; vo is the voltage ripples (say 5%).
From Eqs. (7)–(9) The DC/DC boost converter are designed.
.  The  proposed  system
Based on PV proposed structure shown in Fig. 4, A proposed multiple-input single-output PV system is proposed
n this study. The main target of this study to harvest maximum power from different PV modules feed the same DC
us. A combination of a PV module connected to a boost DC–DC converter along with its MPPT control is referred to
s “phase”. For n-number of phases, the carrier waveform of each DC–DC boost converter is time-shifted from each
ther by T/n. where T  is the switching period.In this study, a “two-phase” and “three-phase” PV system are examined, Fig. 9 shows the block diagram for the
three-phase” proposed PV system as an example. The switching frequency for all three converters is identical, but
he carrier signal of each converter is time shifted from each other by T/n. For example, in a 3-phase system, each
480 M.M. ELhagry et al. / Journal of Electrical Systems and Information Technology 3 (2016) 471–484Fig. 14. Total output load power in case “two-phase” PV system one subjected to insolation G = 1 kW/m2and the other subjected to 0.8 kW/m2(a)
conventional method (b) proposed phase shift method.
carrier signal is delayed from each other by 120◦ as shown in Fig. 10. It is worth mentioning that the harvested load
power is shared by the boost converter employed in the system. This technique is similar to the interleaved technique
for high power application, but instead of paralleling power devices, paralleling power converters is another solution
which could be more beneficial. Furthermore, with the power converter paralleling architecture, interleaving technique
comes naturally (Liu et al., 2005; Liccardo et al., 2007).
The system under investigation employs Solarex MSX 60 PV panels (see Appendix A). The results of the proposed
method proved the following advantages:
• Reduced output waveforms ripples
• Improvement in reliability
• Ease of system expansion,
•  This technique helps mitigate partial shadowing problems.
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Fig. 15. Output load current ripple addition in case two-phase (a) conventional method (b) proposed phase shift method.
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o.  Simulation  results
To demonstrate the operation of the proposed system, a two and three-phase PV systems are designed and simulated
sing Matlab/Simulink. Fuzzy logic control MPPT method is employed to guarantee that each PV panel operates at
ts MPP.
Fig. 11 shows the P-V characteristic curve with change in insolation and at constant temperature 25 ◦C. The
orresponding MPP for each solar insolation value is indicated on the plot and is tabulated, for convenience, in Table 2.
Fig. 12(a) and (b) shows the insolation pattern applied on PV panel 1 and PV panel 2, respectively. Fig. 13 shows the
ystem response using fuzzy logic controller for MPPT. The figure shows that, according to the insolation pattern for
V panel 1 and PV panel 2, from time 0 s to 1 s for PV panel 1, PV power ≈62.21 W (MPP) and load power ≈58.5 W
nd for PV panel 2, PV power ≈23.33 W (MPP) and load power ≈21.9 W. Also from time 1 s to 2 s for PV panel 1 PV
ower is ≈49.2 W (MPP) and load power ≈46.5 W and for PV panel 2 PV power ≈36.26 W (MPP) and load power≈
4 W. From these results it can be concluded that the fuzzy logic MPPT controller is capable of extracting maximum
ower to which each phase is subjected with high efficiency with boost efficiency ≈94%.
Fig. 14 shows the time response of the output load power in case “two-phase” PV system, PV panel1 subjected to
nsolation = 1 kW/m2 and PV panel 2 subjected to 0.8 kW/m2. Fig. 15(a) shows the load power in case conventional
ethod (no phase shift in the carrier signals). A zoom view of the steady-state response of this load power is depicted
n the inner window of the Fig. 14(a). Fig. 14(b) shows the load power in case of proposed method. A zoom view of
he steady-state response of this load current is depicted in the inner window of Fig. 14(b). Comparing the zoom views
f both Figs. Fig. 1414(a), (b) and 15(b), it is found that the ripples in the proposed topology ≈10% of the ripples
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Fig. 16. Output load power in case three-phase (a) conventional method (b) proposed phase shift method.value compared to the conventional method. Also, the output power ripples in the conventional method ≈2 W, but in
the proposed method is ≈0.2 W.
For the same conditions of operation mentioned in Figs. 14 and 15 shows the mechanism of ripples reduction where
in case of phase shift control method the ripples peaks are shifted from each other and the resultant ripples variation
is very small as shown in Fig. 15(b). But in conventional method the ripples peaks are in phase and add to each other
as shown in Fig. 15(a). It can be shown that the resultant current ripples with the proposed method are ≈10% of that
of the conventional method.
Fig. 16(a) and (b) provide the load power in case “three-phase” PV system, where PV panel 1 subjected to insola-
tion = 1 kW/m2, PV panel 2 subjected to 0.8 kW/m2 and PV panel 3 subjected to 0.6 kW/m2. From figures it is shown
that the proposed topology performs well in case in higher number of phases. In addition, the reduction of the ripples
is better. Moreover, it can be seen that load power is shared by all system phases without phase being loaded on the
other. For the same condition of operation mentioned for Fig. 16, Fig. 17(a) and (b) show in details the mechanism of
ripples reduction as explained before.
Finally the total efficiency of the proposed PV system technique is increased from ≈92.3% in case of the conventional
PV system to ≈93.2%.
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Lig. 17. Output load current ripple addition in case three-phase (a) conventional DC–DC boost converter, (b) proposed DC–DC boost converter.
.  Conclusion
This paper investigated and analyzed the two and the three-phase PV system with MPPT control method for
tandalone PV systems. The mathematical model of the PV module was presented and implemented in Matlab/Simulink.
he PV module characteristics and simulation results have been reported in the paper. A fuzzy logic controller designed
o modulate the operating point of each PV panel to its maximum power point. The results Comparing with the
onventional method (without phase shift), it is shown that the proposed method provides reduction in both voltage and
urrent ripples; increases efficiency, and employs smaller filter size. Furthermore, the multiple-input single output PV
ystem with MPPT phase shift control method can provide a high reliability for the PV systems or hybrid generation
ower sources of different applications.
ppendix  A.
System parameters.
 (boost inductance) 2 mH
 (boost capacitance) 0.5 mf
s (switching frequency) 10 kHz
battery 24 V
tae of charge 50%
aed acid battery (load) 50 Ah
Solarex MSX 60 Specifications (1 kW/m2, 25 ◦C).
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Characteristics SPEC.
Typical peak power (Pp) 60 W
Voltage at peak power (Vpp) 17.1 V
Current at peak power (Ipp) 3.5 A
Short-circuit current (ISC) 3.8 A
Open-circuit voltage (VOC) 21.1 V
Temperature coefficient of open-circuit voltage −73 mV/C
Temperature coefficient of short-circuit current (KI) 3 A/C
Nominal operating cell temperature (NOCT) 49 ◦C
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